PRMT2 is the less-characterized member of the protein arginine methyltransferase family in terms of structure, activity, and cellular functions. PRMT2 is a modular protein containing a catalytic Ado-Met-binding domain and unique Src homology 3 domain that binds proteins with proline-rich motifs. PRMT2 is involved in a variety of cellular processes and has diverse roles in transcriptional regulation through different mechanisms depending on its binding partners. PRMT2 has been demonstrated to have weak methyltransferase activity on a histone H4 substrate, but its optimal substrates have not yet been identified. To obtain insights into the function and activity of PRMT2, we solve several crystal structures of PRMT2 from two homologs (zebrafish and mouse) in complex with either the methylation product S-adenosyl-L-homocysteine or other compounds including the first synthetic PRMT2 inhibitor (Cp1) studied so far. We reveal that the N-terminal-containing SH3 module is disordered in the full-length crystal structures, and highlights idiosyncratic features of the PRMT2 active site. We identify a new nonhistone protein substrate belonging to the serine-/ arginine-rich protein family which interacts with PRMT2 and we characterize six methylation sites by mass spectrometry. To better understand structural basis for Cp1 binding, we also solve the structure of the complex PRMT4:Cp1. We compare the inhibitor-protein interactions occurring in the PRMT2 and PRMT4 complex crystal structures and show that this compound inhibits efficiently PRMT2. These results are a first step toward a better understanding of PRMT2 substrate recognition and may accelerate the development of structure-based drug design of PRMT2 inhibitors.
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Introduction
Protein arginine N-methyltransferases (PRMTs) are eukaryotic enzymes that catalyze the transfer of methyl groups from the methyl donor S-adenosyl-L-methionine (SAM) to guanidine nitrogens in arginine residues of target proteins. The PRMT family has been the focus of many biological researches and at least nine members of the PRMT family (PRMT1 to PRMT9) have been identified in mammalian cells [1] [2] [3] . PRMTs are divided into four major classes (type I to type IV) depending on the chemistry of methyl-arginine they generate. Type I and type II PRMT, the two most populated classes have been extensively studied. Type I PRMTs (PRMT1, PRMT2, PRMT3, PRMT4/ CARM1, PRMT6, and PRMT8) produce asymmetric dimethylarginine, whereas type II (PRMT5, PRMT9) form symmetric dimethylarginine. PRMT7 produces monomethylarginine residues only, which defines it as the first type III PRMT. A fourth type which results in the monomethylation of the internal d guanidino nitrogen has only been described in yeast [4] . Thanks to extensive research by many teams, several dozen crystal structures from seven different PRMTs have been determined either free or in complex with cofactor analogs [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Only PRMT2 and PRMT9 remain to be characterized at the structural level.
Human PRMT2 (or HRMT1L1) was first identified by homology to the yeast methyltransferase HMT1 gene in 1998 [20] . PRMT2 contains a highly conserved catalytic SAM-binding domain and is characterized by an N-terminal extension partially folded into a Src homology 3 (SH3) domain. PRMT2 harbors a weak methyltransferase activity on histone H4 tail in vitro, but no optimal substrate has been found yet [21] .
It has been shown that PRMT2 interacts with nuclear hormone receptors, including estrogen receptor alpha, retinoic acid receptors, and androgen receptors, and enhances their transcriptional activity in a liganddependent manner [22, 23] . In addition to its role as a transcriptional coactivator, PRMT2 has also been found to be involved in diverse cellular processes, through its interaction with partners such as the adenoviral early region 1B-associated protein (E1B-AP5) [24] , the retinoblastoma protein [25] , b-catenin [26] , or the transcription factor STAT3 [27] .
Implication of PRMT2 in breast carcinogenesis in correlation with nuclear receptors expression has been reported [28, 29] . Loss of PRMT2 nuclear expression in breast cancer cells is linked to increased cyclin D1 expression, thus promoting breast tumor cell proliferation. In addition to the original full-length PRMT2, four alternatively spliced PRMT2 isoforms (PRMT2L2, PRMT2a, b, and c) have been identified. Together, all these isoforms showed increased expression in breast tumor samples [30, 31] .
So far no inhibitor of PRMT2 has been studied. Because of the lack of structural data and the weak enzyme activity, very few information is available to understand how this protein recognizes its substrates.
In the present study, we report the crystal structures of the PRMT2 catalytic module from zebrafish (Danio rerio) and from mouse (Mus musculus) in complex with either the methylation product S-adenosyl-Lhomocysteine (SAH) or other compounds including a potent CARM1 inhibitor. We identify a new nonhistone protein substrate belonging to the serine-/arginine-rich protein family which interacts with PRMT2. We compare the inhibitor-protein interactions occurring in the PRMT2 and CARM1 complex structures and show that this compound inhibits efficiently PRMT2.
Results

PRMT2 from zebrafish
PRMT2 from zebrafish (D. rerio) was expressed in insect cells using the baculovirus system, purified and crystallized. The first crystals were obtained from a full-length construct (zPRMT2 ) in the presence of sinefungin, a natural inhibitor. The structure was solved and refined at 2. 45 A resolution (Table 1) . The electron density map revealed the absence of residues 1-71 corresponding to the N-terminal part containing the SH3 domain. A SDS/PAGE analysis performed on dissolved crystals showed that the crystallized product was shorter than the purified protein, indicating that proteolysis occurred in the crystallization drop (Fig. 1A) . Mass spectrometry LC-MS/MS analysis was performed on a trypsin digest of the gel-extracted protein band to localize the cleavage site. Sequence resulting from tryptic peptide identification revealed that the crystallized molecule started at residue 68, four residues before the catalytic module visible in the zPRMT2 crystal structure. zPRMT2 N-terminal degradation was potentially caused by a bacterial contamination of the sinefungin solution used for crystallization. Subsequent attempts to crystallize the full-length zPRMT2 with a fresh sinefungin solution were successful but the resulting crystals diffracted only at low resolution (5 A). To improve the initial crystals obtained from a degraded protein, a new construct zPRMT2 restricted to the catalytic domain was cloned. The protein was expressed, purified and crystallized in the presence of SAH. The structure was refined to 2.0 A resolution and was almost identical to the one obtained after proteolysis (RMSD = 0.27 A). A small difference occurs at the C-terminal extremity which is rotated by 180°after M406, changing the orientation of the two last residues.
PRMT2 from mouse
Full-length PRMT2 from mouse (M. musculus), mPRMT2 , was expressed in insect cells using the baculovirus system, purified and crystallized. The structure was solved and refined at 2.0 A resolution (Table 1 ). The visible part of the structure is limited to the catalytic module (residues 107-445) as for zPRMT2. The molecular mass of the purified mPRMT2 measured by mass spectrometry under denaturing conditions is 50 728 Da for a calculated mass of 50 726 Da for the complete protein. Furthermore, a SDS/PAGE performed on a dissolved mPRMT2 crystal revealed no detectable size difference between the dissolved crystal and the purified protein (Fig. 1B) . Therefore, unlike zPRMT2, the absence of residues 1-106 in the electron density map was not the result of proteolysis before or during the crystallization process, but could be explained by a high flexibility of the N-terminal region within the crystals.
Matthews coefficient and solvent content calculated for one full-length monomer per asymmetric unit 
Overall structure
Phylogenetic analysis [32] and sequence comparisons have established that PRMT2 methylation module is closely related to all type I PRMTs (35% to 39% sequence identity between PRMT8, PRMT1, PRMT3, PRMT6, and CARM1 from mouse). As expected, the monomeric structure of PRMT2 catalytic module is very similar to that of all the PRMT known structures especially type I PRMTs. It consists in a SAM-binding domain (residues 107-254, mPRMT2 numbering) adopting a Rossmann fold, a helical dimerization arm (residues 266-298), interrupting the b-barrel domain (residues 255-265 and residues 299-445) (Fig. 2) . The two domains are connected by the strictly conserved cis-proline 254. zPRMT2 and mPRMT2 share 55% sequence identity and up to 59% in their catalytic modules. The structure of the catalytic modules is highly similar and can be well superimposed (RMSD = 0.68 A) (Fig. 3 ). The major difference is the orientation of the loop b14-b15 (426-437, 392-400 in zPRMT2). This loop is involved in the crystal packing in mPRMT2 (hydrogen bond between main-chain O L429 and N E205 from a neighbor monomer), whereas in zPRMT2, it is turned toward solvent and opens slightly the b barrel.
SAH-binding pocket
The active site pocket is strictly conserved between the mouse and zebrafish enzymes. The SAH and the sinefungin molecules are well defined in the electronic density. Residues involved in the SAH recognition are conserved among all PRMT2s (Fig. 2) . Bifurcated hydrogen bonds involving residue E209 carboxylate and S237 Oc maintain the adenine amino group. N1 interacts with the V208 main-chain carbonyl and the E180 carboxylate forms two hydrogen bonds with the ribose hydroxyl oxygens (Fig. 4) . For the homocystein moiety, the carboxylate group binds to R133, the amino group interacts with the C158 carbonyl and M127 makes van der Waals contacts with the S atom. Helix aX harboring the conserved YFxxY motif closes the SAM-binding pocket as observed in the structures of PRMT3 [6] , CARM1 [8] , and PRMT6 [18] . Helix aX interacts via Y118 and Y114 with catalytic E232 allowing the proper formation of the substrate arginine pocket required for catalysis (Fig. 3) .
Sinefungin binds slightly differently from SAH because of a different orientation of the homocystein moiety. The homocystein amino group is too far to form a hydrogen bond but the sinefungin-specific NH2e is involved in hydrogen bonds with E189 carboxylate Oe1 and carbonyl oxygens (Fig. 4A ).
Substrate-binding pocket
The highly conserved active site glutamate residues E223 and E232 of the so-called double-E loop [7] form a pair of salt bridges with a calcium ion in mPRMT2 (Fig. 4C) . Calcium was added to the crystallization drop in order to obtain diffracting crystals. In mPRMT2:SAH structure, this ion occupies the site where the guanidino moiety of the arginine substrate would bind. In zPRMT2, calcium is replaced by a water molecule. E198 of the double-E loop interacts with the ammonium of a MES molecule which fills the arginine substrate channel (Fig. 4A,B) .
Dimerization
Homodimerization is a feature conserved in the PRMTs and essential for the catalytic activity (for a discussion and review see [16, 18, 33] ). Exception is the monomeric PRMT7 which consist in two PRMT modules in tandem forming a pseudo dimer [18, 34, 35] . Higher order oligomers of some PRMTs, resulting of association of dimers, have been also found in solution both in vivo and in vitro [5, 7, 8, 11, 19, [36] [37] [38] [39] [40] . zPRMT2 quaternary structure was studied using small-angle Xray scattering. To ensure that zPRMT2 was not degraded, SDS/PAGE analysis was performed before SAXS experiments. Furthermore, the molecular mass of zPRMT2 monomer was determined from the scattering intensity values I(0) using bovine serum albumin (BSA) as a reference. The resulting value of 47 630 Da corresponds to the size of zPRMT2 (theoretical mass of 46 845 Da), confirming the presence of the SH3 domain in the protein sample. The scattering curves show that the full-length protein behaves as a dimer in solution according to the radius of gyration (R g = 3.3 nm) ( Table 2 ). The dimeric zPRMT2 exhibits a R g of 2.9 nm identical to the R g calculated from the X-ray structure (Fig. 5) . However, the comparison of ab initio low-resolution models generated from zPRMT2 full-length and zPRMT2 scattering data did not reveal significant differences (data not shown). Therefore, it was not possible to localize SH3 domain on the whole structure using SAXS, probably because of the lack of rigidity of this N-terminal region. In both mPRMT2 and zPRMT2 crystal structures, the two monomers are related by a crystallographic twofold axis and hence are structurally identical. The dimeric interface is stabilized by hydrophobic and hydrogen bonds and buries a surface area of 1602 and 1574 A 2 for zPRMT2 and mPRMT2, respectively (calculated using PISA) [41] . The dimer formation involves the dimerization arm from one monomer, namely helices aE and aG and two short 3 10 -helices F and G 0 , and helices aY, aZ, aA, and aB from the other monomer and delineates a central hole of~22 9 12 A 2 . The orientation of the monomer in the functional dimer observed in zPRMT2 is perfectly conserved in mPRMT2 (Fig. 3) . Furthermore, sequence conservation in the dimerization arm suggests that this feature could be common to all PRMT2 orthologs (Fig. 2 ).
Activity
The in vitro methyltransferase activity of recombinant PRMT2 on histones is described as being weak compared to PRMT1, CARM1, and PRMT6, suggesting that the optimal substrate for PRMT2 is probably unknown. A small, but significant, activity has been previously described using the histone H4 as the substrate [21] . In vivo evidence has shown that PRMT2 associated with b-catenin deposits an asymmetric dimethyl mark on H3R8 of target gene promoters [23] .
Synthetic peptides corresponding to the N-terminal tails of histone H3 (residues 1-34) and H4 (residues 2-22) were used as substrates to test the activity of the purified recombinant mPRMT2. The resulting gels showed incorporation of radioactivity in four different species: weak signal was detected for either H4 or H3 1-34 as expected; a much stronger signal was attributed to PRMT2 likely as a result of automethylation, whereas an additional strong signal was revealed for a minor contaminant with an estimated mass of 16 kDa (Fig. 6) . The radioactive signals were all linearly dependent to the concentration in enzyme, confirming that the activity observed is due to PRMT2.
The 16 kDa contaminant copurifying with mPRMT2 was identified by LC-MS/MS mass spectrometry as the repressor splicing factor 1 (RSF1) from the insect expression host Spodoptera frugiperda. This splicing repressor antagonizes serine-and arginine-rich (SR) protein function [42] or coregulates alternative splicing with the other SR proteins in drosophila [43] . It has a modular organization with an N-terminal RRM-SRSF3-like RNA-binding domain and a long arginine-/glycine-rich C-terminal part. RSF1 is related to the serine-/arginine-rich (SR) family of splicing regulators, especially with the serine-/argininerich splicing factor 7 (SRSF7) involved in pre-mRNA splicing and mRNA export (51% sequence identity in the RRM domain). RSF1 from S. frugiperda was expressed Fig. 3 . Superimposed methylation modules of PRMT2 dimers from mouse (in gray) and from zebrafish (in color) and schematic representation illustrating the modular organization of full-length PRMT2. Rossmann fold is shown in green, the beta barrel in yellow, and the dimerization arm in blue. SAH is displayed in orange, as a stick model in the structure. On the scheme, SH3 domain is indicated in cyan and the four motifs in red.
in Escherichia coli and purified. To localize the methylation sites, recombinant RSF1 was incubated with SAM and mPRMT2 and analyzed by mass spectrometry (Fig. 7) . Six methylation sites were identified on RSF1, four arginine residues are monomethylated (position 24, 100, 111, and 139), and two are dimethylated (position 7 and 120). Interestingly, the two dimethylated arginines are both located in short motifs displaying a unique consensus sequence SxGGxRxY. R7 and R24 belong to the RRM domain of RSF1 (Fig. 8) . According to a model based on the structure of SRSF7 (PDB ID 2hvz), these residues would be located in an a helix and in a b strand, respectively, with their side chains exposed at the surface of the domain and therefore accessible to the methyltransferase. The four other methylation sites would be located in the unfolded arginine-rich C-terminal part of RSF1.
Effect of calcium on the activity
A calcium ion was found bound in the bottom of active site pocket of mPRMT2:SAH structure, at a position corresponding to the binding site of the charged guanidino group of the target arginine residue. The hydrated calcium atom is surrounded by the two highly conserved glutamate residues of the 'double-E loop' and other conserved residues of 'THW' loop. This binding site is therefore conserved in all arginine methyltransferases. A calcium atom has also been observed at the same position in PRMT6 [18] and could explain the reduced activity of PRMT7 in the presence of magnesium or calcium [44] . To investigate the effect of calcium on PRMT2, the enzyme was incubated with increasing concentrations of calcium chloride and its activity was quantified (Fig. 9A) . These experiments revealed that rather high calcium concentrations are necessary to inhibit the enzyme, as 25% of the initial activity remains in the presence of 10 mM CaCl 2 . At higher concentrations, the solubility of the enzyme was affected, causing consequently an artifactual drop of activity. These results suggest that calcium is a relatively weak inhibitor of PRMT2. The metal chelator EDTA increased slightly enzyme activity with respect to the positive control, indicating a possible contamination of purified mPRMT2 by divalent cations. 
SH3 domain truncation
PRMT2 is characterized by its N-terminal extension partially folded into a SH3 domain. To check whether this module is involved in PRMT2 methyltransferase function, enzymatic activities of zPRMT2 and zPRMT2 were compared using RSF1 as substrate (Fig. 9B) . A sevenfold decrease in activity was detected for the truncated construct with respect to the fulllength enzyme. These results reveal that PRMT2 lacking SH3 domain exhibits activity in vitro but less than the full-length enzyme, showing the importance of the N-terminal region for the enzymatic function.
Inhibitor binding
A set of SAM-based compounds have been recently described as potent inhibitors of PRMTs [45] . These molecules were designed to simultaneously occupy both the adenosine and the peptide substrate-binding sites. Among them, compound 1 (Cp1) has been reported as an inhibitor for PRMT1, PRMT6, and PRMT4/CARM1 with the highest selectivity and potency for CARM1 vs. PRMT1 or PRMT6. It was therefore interesting to evaluate the inhibitor potency of Cp1 on PRMT2 and to compare it to the effects observed on related PRMTs.
Cp1 binding on mPRMT2 was first compared to SAH and sinefungin by thermal shift assay experiments (Fig. 10A) . Binding of SAH or sinefungin increased the melting temperature by 5.3°C AE 1.2°C and 5.0°C AE 1.4°C with respect to the apo protein. Surprisingly, when Cp1 was added to mPRMT2, the melting temperature difference reached 15°C AE 1.9°C, suggesting a better affinity of PRMT2 for Cp1 than for SAH or sinefungin.
To further investigate the affinity of Cp1 toward PRMT2, we determined IC 50 values using RSF1 as a substrate (Fig. 10B) . We obtained similar IC 50 for Cp1 (16.3 AE 3.8 lM) and for SAH (18.3 AE 2.0 lM). These values are much higher than the ones that we obtained for mouse CARM1 (mCARM1) (460 AE 134 nM for Cp1 and 820 AE 35 nM for SAH) which are in good agreement with the published data [45] . The IC 50 values obtained for PRMT2 with Cp1 are in the order of magnitude of those published for PRMT6 (20.23 AE 8.67 lM) and PRMT1 (11.09 AE 2.77 lM). However, the high potency and the selectivity of Cp1 toward CARM1 were not observed for PRMT2. To better understand structural basis for Cp1 binding, we crystallized and solved the structure of the complexes , zPRMT2 , and crystallographic structure of zPRMT2 (X-ray dimer) in the presence of SAH. A resolution (Table 1) .
Structure of mPRMT2:Cp1
Cp1 lacks the methionine moiety typical of all the SAM analogs but harbors a guanidine connected with a spacer to the adenosine moiety (Fig. 11) . Structure comparison revealed that the hydrogen bond network observed between the key residues of PRMT2 and the adenosine part of SAH is also well conserved for Cp1 despite a slight conformational change in the ribose cycle. The guanidinium group of Cp1 enters into the arginine pocket where it is maintained by H-bonds and salt bridges between the carboxylates of the motif III residues E223 and E232. The ligand-free methionine pocket is filled by several water molecules. Additional H-bonds occur with the M125 main-chain oxygen and with a water molecule mediating an indirect interaction with the H381 side chain. Thermal shift assays revealed that Cp1 binds more strongly to mPRMT2 than SAH. This result can be explained by the different sets of interactions occurring in the two distinct pockets of the active site, i.e., the methionine pocket for SAH or the arginine pocket for Cp1.
CARM1-PRMT2 Cp1 comparison
Comparing mPRMT2 and mCARM1 structures solved with Cp1 reveals a highly similar positioning of the inhibitor in both the active site pockets. Almost all the key residues involved in Cp1 binding are conserved and their side chains are interacting identically with the inhibitor in both structures (Fig. 11C) . However, two differences appear. First, one additional helix W, specific to CARM1 (residues 136-141), packs against the adenine group of Cp1 shielding it from the solvent. This helix, which does not exist in PRMT2, enables an indirect interaction between the guanidino group of residue R141 from CARM1 and N7 from Cp1 via one water molecule. Additionally, F138 forms a hydrophobic interaction with F151, closing the pocket on the adenine ring. Second, in mPRMT2, the histidine residue H124 can form a hydrogen bond with the O3 ribose hydroxyl group of Cp1. This residue is replaced by a glutamine (E160) in mCARM1 and the distance to Cp1 is thus too far to be compatible with a hydrogen bond. It is interesting to note that this histidine residue is conserved among almost all PRMT2 sequences known with a few exceptions in which cases it is changed into a glutamine. This histidine residue is also conserved in other PRMTs including PRMT1 and PRMT6. It is probable that these discrepancies impact the effect of Cp1 on the different PRMTs. The high potency and selectivity of Cp1 for CARM1 could be the result of its specific helix W which reinforces the interactions with the inhibitor.
Discussion
The crystal structures of PRMT2 from zebrafish and from mouse revealed a highly conserved dimeric architecture formed by two typical type I PRMT catalytic modules. The global shape of the functional dimer is a consequence of variations in relative orientations of the two monomers. It varies significantly in the structures of different PRMTs and is linked to active site accessibility and therefore substrate recognition [10, 16] . The N-terminal module of mPRMT2 (residues 1-106) partially folded in a SH3 domain is missing in the electron density although present in the crystal. A similar case has already been mentioned in mCARM1 [8] , where the PH domain assumes different positions in the crystal structure, behaving as a wobbly domain. This behavior is the consequence of the lack of direct interaction between the N-terminal domain and the catalytic module as well as of the flexibility of the connection between functional modules. SH3 motifs are known to interact to proline-rich sequences in their binding partner, mediating the assembly of large multiprotein complexes. The wobbly SH3 domain would probably be stabilized in its functional position in the presence of partners or PRMT2 substrates. It is well established that in PRMTs, the methyltransferase function is exclusively borne by the catalytic domain, containing both SAM-and argininebinding sites. However, the presence of additional domains can strongly affect enzymatic activity, as shown for PRMT5 [46] or PRMT8 [47] . We showed that it is also the case for PRMT2 as N-terminal-truncated enzyme displays reduced methyltransferase activity. Our structural results indicate that this truncation does not impair enzyme stability or dimerization. Therefore, the SH3 domain and/or adjacent sequences belonging to the N-terminal extension of the catalytic module may be also involved in substrate binding or recognition through long distance interactions.
We could identify RSF1, a host-cell contaminant coeluting with PRMT2 and furthermore methylated by the enzyme. Although RSF1 is not present in mouse and PRMT2 has no ortholog in insects, the interaction observed between an arginine methyl transferase and a protein involved in RNA splicing is not surprising. Indeed, arginine methylation is a post-translational modification that occurs in RNA-binding proteins including the spliceosome and SR proteins [48] . It has been shown that PRMT5 catalyzes sDMA formation on the Sm proteins [49] and CARM1 methylates three splicing factors: SmB, U1-C, and SAP49 [50] . Furthermore, methylation of SR proteins by PRMTs has been observed: SF2/ASF and its close paralog SRp30c both belonging to the SR family are methylated by PRMT1 [51, 52] . More recently, it has been shown that human PRMT9 symmetrically dimethylates arginine residues on splicing factor SF3B2 [35] . Taken together, these results and our initial findings suggest that substrates for PRMT2 could be found in the SR family. We tried to methylate in vitro mouse SRSF7 expressed and purified from insect cell culture (data not shown). This preliminary attempt was unsuccessful. Nevertheless, it is not excluded that other members of SR protein family are PRMT2 methylation targets. So far, PRMT2 has not been mentioned to interact with splicing regulators or RNA-binding proteins but this possibility needs to be further investigated.
The crystal structure of mPRMT2 in complex with Cp1, a specific CARM1 inhibitor, has been solved and analyzed. The IC 50 values obtained for Cp1 with mPRMT2 were higher than with CARM1, revealing a weaker affinity for mPRMT2. Nevertheless, Cp1 inhibits mPRMT2 slightly more efficiently than SAH and can be then considered as the first synthetic PRMT2 inhibitor studied so far. Altogether, these results are a first step toward a better understanding of PRMT2 substrate recognition and may accelerate the development of structure-based drug design of PRMT2 inhibitors.
Material and methods
PRMT2 cloning, expression, and purification
The D. rerio prmt2 gene sequence (Genbank BC129171.1) corresponding to the full-length protein and to the PRMT core (residues 73-408) were amplified by PCR from a cDNA clone (Source BioScience, Nottingham, UK; IRAK293-C16). The M. musculus prmt2 full-length gene sequence (Genbank BC122563.1) was amplified by PCR from a cDNA clone (Source BioScience IRCL32A04). The sequences were cloned in the pDONR207 TM (Fisher Scientific, Illkirch, France) vector using a BP reaction (Gateway Ò Cloning; Thermo Fisher Scientific, Waltham, MA, USA). The positive clones were confirmed by sequencing (GATC BIOTECH, Konstance, Germany). The sequences were subcloned in a pDEST20 TM vector (for D. rerio prmt2) or a pBacGGWA vector [53] (for M. musculus prmt2) using a LR reaction. DH10Bac competent cells containing the baculovirus genome were transformed with the pDEST20 TM -PRMT2 plasmids and plated onto LB agar media containing 15 mgÁmL Superimposition of the mPRMT2 (gray) and mCARM1 (purple) active sites. Cp1 is drawn in pink in both structures. Numbered residues belong to mPRMT2 except R141 belonging to mCARM1. Helix W specific to mCARM1 is also shown.
mPRMT2 also harbors a R445W point mutation due to a mutation in the PCR product. Sf21 cells were grown at 27°C in suspension culture in SF900II (Thermo Fisher Scientific) using Erlenmeyer flasks. Two liter of Sf21 cell culture (at 0.8 9 10 6 cellsÁmL À1 ) was infected with recombinant GSTzPRMT2 viruses with an infection multiplicity of 1. Cells were harvested 48 h postinfection. Cells lysis was performed by sonication in 100 mL buffer A [50 mM Tris/HCl pH 8.0, 250 mM NaCl, 5% glycerol, 10 mM DTT, 0.01% NP40, and anti-proteases (Roche, Basel, Switzerland, Complete TM , EDTA-free)] and cellular debris were removed after centrifugation of the lysate at 40 000 g for 30 min. The supernatant was incubated at 4°C for 4 h with 3 mL glutathione Sepharose 4B resin (GE Healthcare, Velizy, France). After a short centrifugation, the supernatants were discarded and the beads were poured in an Econo-column (Bio-Rad, Hercules, CA, USA). After two wash steps with 10 mL buffer A, 3 mL buffer A supplemented with in-house produced TEV protease were applied to the columns and digestion was performed overnight at 22°C with gentle mixing. The digests were concentrated with an Amicon Ultra 10K (Merck Millipore, Darmstadt, Germany), loaded on a gel-filtration column (HiLoad 16/60 Superdex S200, GE Healthcare) and eluted at 1 mLÁmin À1 with buffer B [20 mM Tris/HCl pH 8.0, 75 mM NaCl, 5 mM TCEP and 1 mM EDTA] for zPRMT2, using an € AKTA Explorer device (GE Healthcare). Fractions containing zPRMT2 were pooled and concentrated to 17 mgÁmL À1 . mPRMT2 and zPRMT2 were purified from baculovirus-infected cells using the same protocol with the following modifications: the crude extract was incubated with glutathione sepharose overnight at 4°C, TEV digestion was performed during 4 h at 30°C and buffer C was used for gel-filtration (20 mM Tris/HCl pH 8.0, 100 mM NaCl , and 5 mM TCEP). Fractions containing mPRMT2 were pooled and concentrated to 3.5 mgÁmL
À1
. Fractions containing zPRMT2 were pooled and concentrated to 14 mgÁmL À1 .
PRMT2 crystallization
Crystallization conditions were screened using commercially or home-made available kits by the sitting-drop vapor-diffusion method in 96-well MRC2 plates (Swissci, Zug, Switzerland), and employing a Mosquito robot (TTP Labtech, Melbourn, UK) dispensing droplets made of 100 nL protein solution and 100 nL reservoir solution. The plates were placed in a Rock Imager (Formulatrix, Bedford, MA, USA) at 20°C and monitored periodically. The zPRMT2 crystal used for X-ray diffraction was obtained in a 96-well MRC2 plates in sitting drops made with a zPRMT2 sample at 17 mgÁmL À1 , mixed with 1 mM sinefungin, and a reservoir solution containing 100 mM MES pH 6.0, 9% (w/v) PEG 20 000, and 100 mM LiCl. Single diffracting crystals grew to 120 9 100 9 20 lm within 4 weeks.
The zPRMT2 crystal used for X-ray diffraction was obtained in a 96-well MRC2 plates in sitting drops made with a zPRMT2 sample at 14 mgÁmL À1 , mixed with 1 mM SAH, and a reservoir solution containing 100 mM MES pH 6.0, 9% (w/v) PEG 20 000, and 300 mM NaCl. Single diffracting crystals grew to 50 9 40 9 20 lm within 3 days. First hits for mPRMT2 were obtained in several conditions of the PACT (Molecular Dimensions, Newmarket, UK) and The Peg Suite (Qiagen, Hilden, Germany) crystallization screens. Crystallization conditions were further optimized in 24-well VDX plates (Hampton Research, Aliso Viejo, CA, USA). Crystals used for X-ray diffraction were obtained within days at 20°C in a hanging drop made with 1 lL mPRMT2 at 3.5 mgÁmL À1 , mixed with 1 mM inhibitor, and 1 lL reservoir solution containing 16% (w/v) PEG 6000, 100 mM Hepes-NaOH pH 7.0 and 100 mM CaCl 2 .
Data collection and structure solution The diffraction datasets were collected on the SOLEIL PROXIMA1 and PROXIMA2 beamlines, using a PILA-TUS 6M (DECTRIS, Baden-D€ attwil, Switzerland) or a Quantum 315 (ADSC, Poway, CA, USA) detector and processed with XDS [54] , Imosflm [55] , and HKL-2000 [56] . The crystals belonged to the H32 space group with one zPRMT2 molecule in the asymmetric unit. The dataset was submitted to the BALBES server for automated molecular replacement at York Structural Biology Laboratory [57] after unsuccessful manual attempts with known PRMT structures or models. An initial solution with a BALBES template based on CARM1 from Homo sapiens (PDB ID 2y1w) and the sequence of zPRMT2 was obtained with one monomer in the asymmetric unit. mPRMT2 crystals were cryoprotected by a short soak in 20% (w/v) PEG 6000, 100 mM Hepes pH 7.0, 100 mM CaCl 2 , 15% (v/v) PEG 400, and flash-cooled in liquid nitrogen for data collection. Diffraction datasets were collected on the ID23-2 beamline at the ESRF using a PILA-TUS 2M detector (DECTRIS) and processed with XDS. The crystal belonged to the C222 1 space group with one mPRMT2 molecule in the asymmetric unit. The structure was solved by molecular replacement using PHASER and zPRMT2 structure as a starting model. Iterative cycles of model building and refinement were carried out using COOT [58] , PHENIX [59] , and BUSTER [60] . TLS refinement with four groups per polypeptide chain was used. All other crystallographic calculations were carried out with the CCP4 package [61] . A summary of the data statistics for the refined structure is provided in Table 1 . The atomic coordinates and experimental data (PDB ID 5g02, 5fub, 5ful, 5fwa) have been deposited in the Protein Data Bank.
CARM1 purification, crystallization, and structure determination A construct of mouse CARM1 from residues 130 to 487 (mCARM1 ) was expressed as a GST fusion protein using the baculovirus system, purified as previously described [62] and crystallized in 15% (w/v) PEG 2000MME, 100 mM Tris/HCl pH 8.0, 100 mM NaCl in the presence of 1 mM Cp1 at 20°C. mCARM1 crystals were cryoprotected by a short soak in 22% (w/v) PEG 2000MME, 100 mM Tris/HCl pH 8.0, 100 mM NaCl, 15% (v/v) PEG 400, and flash-cooled in liquid nitrogen. Diffraction datasets were collected on SOLEIL PROXIMA2 beamline, using a Quantum 315 (ADSC) detector and processed with XDS. The structure was solved and refined using PHENIX. Model building and refinement were carried out using COOT [58] , PHENIX [59] , and BUSTER [60] . TLS refinement with three groups per polypeptide chain was used. All other crystallographic calculations were carried out with the CCP4 package [61] . A summary of the data statistics for the refined structure is provided in Table 1 . The atomic coordinates and experimental data (PDB ID 5k8v) have been deposited in the Protein Data Bank.
RSF1 expression and purification
A synthetic gene encoding RSF1 from S. frugiperda and codon-optimized for the expression in E. coli (Eurofins Genomics, Ebersberg, Germany) was inserted into the NdeI and BamHI sites of a pET-15b vector (Novagen, Madison, WI, USA). RSF1 was overexpressed in E. coli BL21 (DE3) as a N-terminal His-tagged fusion protein in 1 L LB/ampicilin medium. Protein expression was induced for 3 h at 37°C by the addition of 0.4 mM IPTG when A600 nm reached 0.6. Harvested cells were suspended in 20 mM Tris/HCl pH 8.0, 250 mM NaCl and lysed by sonication. The lysate was centrifuged for 30 min at 40 000 g and the crude extract was applied to a Ni-NTA Superflow Agarose (Qiagen) column equilibrated in the same buffer. His6-RSF1 was eluted with 250 mM imidazole and concentrated at 0.9 mgÁmL À1 in 20 mM Tris/HCl pH 8.0, 100 mM NaCl, and 0.5 mM DTT.
Gel-based activity assays
Methylation assays were performed at 23°C in 20 mM Tris/HCl pH 8, 100 mM NaCl, 0.5 mM DTT. PRMT2 at varying concentrations was incubated for 3-5 h with a substrate (500 lM histone H3 or H4 tail peptides, or 5 lM RSF1) and 0. 50 values were determined by fitting the data for sigmoidal dose-response curves using the R version 2.13.0 software package [63] . SAXS experiments and data processing zPRMT2 SAXS data were collected on a BioSAXS-1000 camera (Rigaku, Ettlingen, Germany) mounted on a MicroMax 007 HF Rigaku rotating anode at a sampledetector distance of 500 mm, covering the range of momentum transfer 0.008 < q < 0.65
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where 2h is the scattering angle and k = 0.154 nm is the X-ray wavelength) in four frames (30 min each) to check for possible radiation damage. The q scale was calibrated by silver behenate powder diffraction and all data were collected up to a maximum q of 0.35 A À1 . Scattering measurements were carried out at 20°C in a thermostated quartz capillary with a diameter of 1.5 mm. zPRMT2 full-length SAXS data were collected at the SAXS beamline P12 at the PETRA III storage ring (Deutsches Elektronen-Synchrotron, Hamburg, Germany). The exposure time was 0.045 s.
All zPRMT2 samples were solubilized in 20 mM Tris/ HCl pH 8.0, 100 mM NaCl, 5 mM TCEP, 1 mM SAH and measured at several concentrations. The SAXS data were processed by standard procedures using the ATSAS software package (version 2.7.2). The scattering intensity I(0) and the radius of gyration R g were evaluated using the Guinier approximation with PRIMUS [64] . These parameters were also determined from the entire scattering pattern using GNOM which computes the distance distribution function P (r) and the maximum particle dimension D max [65] . The program CRYSOL was used to fit the theoretical scattering pattern to the experimental data [66] . For ab initio model construction, multiple runs were performed using the program DAMMIF [67] to verify the stability of the solution. Ten models were averaged using DAMAVER [68] to produce a starting model for a second modeling step using DAMMIN. The final model was superimposed to the X-ray structure using SUPCOMB [69] .
Mass spectrometry analysis
Protein preparation for liquid digestion
The Rapid Gest was reconstituted with 1 mL of 25 mM NH 4 HCO 3 . Eighty-five microliter of the Rapid Gest solution was added to 15 lL of sample. The reduction was done with 5 mM DTT (final concentration) in 25 mM NH 4 HCO 3 (1 h at 57°C) and alkylation was performed with 15 mM iodoacetamide (final concentration) in 25 mM NH 4 HCO 3 (30 min in the dark). The trypsin (Promega, Madison, WI, USA; V511A) was suspended in 100 lL of 25 mM NH 4 HCO 3 . Five microliter was added to the sample and incubated overnight at 37°C. The digestion was stopped by the addition of 1 lL of TFA.
A second digestion was performed with the pepsin. The pepsin was suspended at 1 mgÁmL À1 in water at pH 1. Five microliter was added to the sample and incubated 3 h at 37°C. The digestion was stopped by heating the sample at 90°C during 5 min. The sample was centrifuged 5 min at 10 000 g and the supernatant analyses by nanoLC-MS/MS.
Chromatography conditions on NanoAcquity
The analysis was performed on a nanoACQUITY UltraPerformance-LC (UPLC; Waters, Milford, MA, USA). The samples were trapped on a 20 9 0.18 mm, 5 lm Symmetry C18 precolumn (Waters Corp.), and the peptides were separated on a ACQUITY UPLC Ò BEH130 C18 column (Waters Corp.), 75 lm 9 250 mm, 1.7 lm particle size. The solvent system consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). Trapping was performed during 3 min at 5 lLÁmin
À1
with 99% of solvent A and 1% of solvent B. Elution was performed at a flow rate of 400 nLÁmin À1 , using 1-40% gradient (solvent B) over 35 min at 45°C followed by 65% (solvent B) over 5 min.
MS and MS/MS conditions on SYNAPT mass spectrometer
The MS and MS/MS analyses were performed on the SYNAPT TM , a hybrid quadrupole orthogonal acceleration time-of-flight tandem mass spectrometer (Waters) equipped with a Z-spray ion source and a lock-mass system. The capillary voltage was set at 3.5 kV and the cone voltage at 35 V. Mass calibration of the TOF was achieved using Glu-fibrino-peptide B fragments obtained at 27 V on trap cell on the (50- ). The three most abundant peptides (intensity threshold 60 countsÁs À1 ), preferably doubly and triply charged ions, were selected on each MS spectrum for further isolation and CID fragmentation with two energies set using collision energy profile. Fragmentation was performed using argon as the collision gas. The complete system was fully controlled by MassLynx 4.1 (SCN 566; Waters). Raw data collected during nanoLC-MS/MS analysis were processed and converted with ProteinLynx Browser 2.5 (Waters) into. pkl peak list format. Normal background subtraction type was used for both MS and MS/MS with 5% threshold and polynomial correction of order 5, and deisotoping was performed.
MS and MS/MS conditions on TripleTOF 5600+ mass spectrometer
The MS and MS/MS analyses were performed on the TripleTOF 5600, a hybrid quadrupole orthogonal acceleration time-of-flight tandem mass spectrometer (AB Sciex, Villebon, France). The mass spectrometer was operated in positive mode, with the following settings: ion spray voltage floating (ISVF) 2300 V, curtain gas (CUR) 25 psi, interface heater temperature (IHT) 75°C, ion source gas 1 (GS1) 2 psi, declustering potential (DP) 100 V. Informationdependent acquisition (IDA) mode was used with top-five MS/MS scans. The MS scan had an accumulation time of 250 ms on m/z (400-1250) range and the MS/MS scans had 100 ms m/z (150-1600) range in high sensitivity mode. Switching criteria were set to ions with charge state of 2-4 and an abundance threshold of more than 150 counts, exclusion time was set at 12 s. IDA rolling collision energy script was used for automatically adapting the CE. Mass calibration of the analyzer was achieved using peptides from digested BSA. The complete system was fully controlled by AnalystTF 1.6 (AB Sciex).
MS/MS data interpretation
The peak list has been searched against a Swiss Protderived combined target-decoy database using MASCOT (version 2.4.1; Matrix Science, London, UK). The database contained sequences of human proteins including common contaminants (human keratins) and porcine trypsin and was created using an in-house database generation toolbox (http://msda.u-strasbg.fr). During database search, up to one missed cleavage by trypsin and four variable modifications [oxidation of methionine (+16 Da), carbamidomethylation of cysteine (+57 Da), and methylation or dimethylation on arginine] were considered. The search window was set to 15 ppm for precursor ions and 0.05 Da for fragment ions. MASCOT result files (.dat) were imported into SCAFFOLD 3 software (version 3.6.5; Proteome Software Inc., Portland, OR, USA) and filtering criteria based on probability-based scoring of the identified peptides were taken into account: peptides having an (Mascot ion score minus identity score) above 0 and a Mascot Ion score above 30 were validated. The false discovery rate (FDR) was calculated to be < 1% based on the number of decoy hits.
